Background Anterior open reduction is commonly used to treat hip subluxation or dislocation in developmental dysplasia of the hip (DDH) in walking-age children. Pelvic and/ or femoral osteotomy may be used in addition, but it is unclear how this affects avascular necrosis (AVN) risk and radiological and clinical results. Questions/purposes The purpose of this study was to review studies of walking-age patients treated either with an open reduction alone or combined with pelvic and/or femoral osteotomies and determine whether there is a difference between groups in the proportion of patients: (1) developing clinically relevant femoral head AVN (Kalamchi & MacEwen Types II to IV or equivalent); (2) achieving a satisfactory radiological result (Severin Grade I/II or equivalent); (3) achieving a satisfactory clinical result (McKay excellent or good rating or equivalent); and (4) requiring further nonsalvage surgery. Methods MEDLINE, Embase, the Cochrane Centre Register of Controlled Trials, and ClinicalTrials.gov were searched for studies of anterior open reduction for DDH in children aged 12 months to 6 years old. We assessed AVN, clinical and radiological results, and requirement for further procedures. The effect of failed conservative management, traction, age at operation, and followup duration was also assessed. Eighteen studies met the review eligibility criteria. Conclusions Open reduction with concomitant pelvic osteotomy is the most appropriate option to provide durable results with the lowest risk of AVN and best radiological and clinical results. There is no evidence that addition of a femoral osteotomy provides any additional benefit to the patient, although it may be necessary to achieve reduction. Level of Evidence Level III, therapeutic study.
Introduction
Treating hip subluxation or dislocation resulting from developmental hip dysplasia (DDH) in a child after walking age, either because of failed conservative measures [17] or late presentation despite a program of hip screening [12, 39] , presents a unique and difficult challenge for the pediatric orthopaedic surgeon. Soft tissue contracture, an inverted limbus, and capsular constriction necessitate Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. formal open reduction, soft tissue release, and capsulorrhaphy. A number of open reduction methods have been described with the anterior open reduction using the SmithPeterson or iliofemoral approach [37] , the most commonly used in this age group. Open reduction may be performed in isolation or combined with pelvic and/or femoral osteotomy to deal with persistent acetabular dysplasia [32] , proximal femoral deformity [34] , and a reduction in hip remodeling potential with increasing age [15] . Surgical intervention has the risk of iatrogenic avascular necrosis (AVN) of the femoral head, which in turn adversely affects the final clinical and radiological result [29, 44] . The use of traction or shortening at the proximal femoral osteotomy site may reduce this risk [19, 35] .
There is limited guidance on how and in what combination these procedures are used to best effect. There are numerous advocates of a single-stage surgical approach to this problem combining open reduction and pelvic and femoral osteotomy, to minimize need for future intervention [11, 12, 39] . Others deem this too aggressive an approach and base management on intraoperative stability and subjective assessment of soft tissue tension [22, 45] . Ultimately the surgical aim is to undertake the minimum amount of intervention necessary to obtain a stable concentric reduction, avoiding AVN or further surgical procedures to provide a pain-free hip that will last decades.
The effectiveness of these different surgical interventions is varied with reports of the incidence of clinically relevant AVN (Kalamchi & MacEwen Types II to IV or equivalent) varying from 0% to 39% [5, 22, 26] , a satisfactory radiological result (Severin Grade I/II) 83% to 96% [10, 32] , and a satisfactory clinical result (McKay rating excellent or good) 71% to 100% [5, 44] . Reports often pool results from a variety of different surgical approaches undertaken in ill-defined patient groups with broad age ranges and varying degrees of followup [25, 27, 35] . Given the complexities of the data reported, it is difficult to appraise the literature to appropriately advise parents on the effectiveness and potential harms associated with surgical intervention their child may face.
The aim of this systematic review was to determine in studies of walking-age patients with DDH who were treated either with an open reduction alone or an open reduction combined with femoral and/or pelvic osteotomies, whether there were differences between the groups in terms of (1) the proportion of patients developing femoral head AVN (Kalamchi & MacEwen Types II-IV or equivalent); (2) the proportion of patients achieving a satisfactory radiological result (Severin I/II or equivalent); (3) the proportion of patients achieving a satisfactory clinical result (McKay excellent or good rating, or equivalent); and (4) the requirement for further nonsalvage surgical procedures. We also endeavored to assess the contributions of age at surgical intervention, duration of followup, traction, and failed previous conservative management on the measured endpoints.
Search Strategy and Study Selection Criteria
This systematic review is reported in accordance with PRISMA guidelines (www.prisma-statement.org/).
A comprehensive search of the literature was undertaken in MEDLINE, Embase, the Cochrane Centre Register of Controlled Trials (CENTRAL), and ClinicalTrials.gov. The MEDLINE and Embase searches were undertaken in the OvidSP search platform from the earliest date available until the second week of January 2015 ( Table 1 ). The website-specific search engines were used for the remaining two databases. Synonyms for DDH as well as relevant subject headings were used in combination with appropriate truncations, wildcards, and Boolean operators to identify relevant articles. All published conference proceedings were included as part of the search strategy, non-English language studies were excluded, and reference lists of review articles and article For the purposes of this review, the age range selected was 12 months to 6 years old. The lower limit of 12 months was selected because this is consistent with the normal mean walking age as described by the World Health Organization [43] . The upper age limit was selected because it is believed that after this age, it is unclear whether surgical intervention for late-presenting DDH is preferable to nonoperative management [16, 23, 32] . Studies that included surgical intervention with nonsalvage pelvic osteotomy (Salter innominate, Pemberton, and Dega) and/or proximal femoral osteotomy were included. Studies were required to report a minimum mean followup of greater than 5 years. This was to ensure the inclusion of late-onset signs of AVN. Studies were required to report on the results of anterior open reduction of at least 10 patients. All study designs were considered for inclusion in the review.
Exclusion criteria included surgery in only teratological or neuromuscular hips, revision open reduction, open reduction, which included limbusectomy, and an alternative surgical approach to the ones specified. Review articles were identified and excluded.
If it was unclear from the abstract whether the article met either the inclusion or exclusion criteria, then the full article was retrieved. If the abstract reported results from multiple surgical techniques, including open reduction, or had an age range that went lower than 12 months or older than 6 years old, then again the full article was retrieved to assess whether groups of patients or raw individual patient data could be identified that did fulfill the inclusion criteria.
The full-text articles were then reviewed by the same two investigators (AK, GG) to ensure inclusion criteria could be met by all or part of the data presented. Quality assessment of the shortlisted articles was performed independently using critical appraisal tools from the Centre of Evidence Based Medicine (CEBM) (www.cebm.net/ critical-appraisal). To be included in the review, the article had to fulfill more than half of the criteria outlined by the assessment tool. Disagreements at any stage of the article selection process were resolved by the senior author (TT). Data extraction was undertaken by one of the authors (AK) using a standardized pro-forma, which had been piloted by two of the authors (AK, GG) before use. Extracted data were entered into an MS Excel spreadsheet (Microsoft Inc, Redmond, WA, USA).
The literature search yielded 824 citations of potential studies (439 from Embase, 378 from MEDLINE, seven from Central) (Fig. 1) . Searching ClinicalTrials.gov yielded one potentially relevant trial, although there were no recorded data or publication associated with the database entry. After assessment of the title and abstract, 695 recorded were excluded as a result of duplication, article only available in a foreign language, inadequate followup, alternative intervention, alternative age group, or case report (Fig. 1) . Twenty-five review articles were identified, and from the reference lists of these articles, another three eligible studies were identified. After full-text review, a further 72 articles were excluded leaving 18 studies that met all the inclusion criteria and quality assessment using the CEBM critical appraisal tool (Table 2) [3, 5, 7, 10, 11, 14, 22, 26, 28, 30-32, 38-40, 44-46] . All the studies identified were retrospective in design. Using the criteria outlined by Dekkers et al. [9] , 17 studies could be broadly classified as cohort studies and one as a case series [46] . Nine of these studies were comparative, investigating the differences among different surgical indications, interventions, or patient populations [3, 11, 22, 26, 28, 31, 38, 40, 46] . For six of these studies, only selected subgroup data fulfilled the inclusion criteria [3, 26, 28, 31, 40, 46] . In total, data were available on 1048 hips in over 806 patients who had an anterior open reduction of the hip for DDH. Individual patient data were available for 149 patients from seven studies [3, 28, 30, 31, 39, 40, 46] .
The 18 studies included reported the presence of AVN using a variety of methods including the Kalamchi and MacEwen (K&M) [18] , Bucholz and Ogden (B&O) [6] , and Salter classifications [33] (Table 3 ). For the purposes of this review, AVN was recorded as clinically relevant if it was classified as K&M or B&O Grade II or greater. The studies that used the Salter classification did not report the specific pattern of AVN; thus, it was assumed that all the cases represented clinically relevant AVN. Barrett et al. [3] used a binary classification for AVN, and again if present, it was assumed to be clinically relevant. Zionts et al. [46] described AVN in terms of either temporary irregular ossification (TIO) or central AVN. Central AVN was deemed clinically relevant, whereas TIO was deemed to be equivalent to a K&M Type I.
The radiological appearance of the hip was recorded in all but one study [38] (Table 3) . The majority of studies used the Severin score to measure radiological result [36] . In accordance with a number of previous authors, Severin Class I and II were considered as satisfactory and Grade III to VI as unsatisfactory radiological result [2, 13, 20] . Subasi et al. [39] reported the radiological appearance of the hip using the center-edge angle (CEA) and arch index. A CEA of [ 20°was recorded as Severin II or better (satisfactory radiological result). Powell et al. [28] recorded radiological appearance as excellent, fair, or poor on the basis of any residual subluxation (CEA \ 20°), acetabular dysplasia (acetabular index of B 25°), and evidence of AVN. For the purposes of this review, hips defined as excellent or fair were considered as a satisfactory radiological result.
Clinical results were recorded in 15 of the 18 studies used in the review (Table 3) . Thirteen of these used the McKay score [23] . These scores were also dichotomized in accordance with Erturk et al. [11] with an excellent or good rating being regarded as a satisfactory clinical result and fair or poor ratings as clinically unsatisfactory. Ryan et al. [31] tests were used to investigate the relationship between surgical intervention and proportion of hips with the endpoint of interest. Odds ratios (ORs) with 95% confidence intervals (CIs) were also calculated.
Where raw individual patient data were available, univariate analysis was undertaken using either the Student's t-test or Fisher's exact test to assess the relationship among age at operation, duration of followup, need for further procedures, preoperative traction, and failed previous closed reduction on AVN rates, clinical results, and radiological results. Continuous data were assessed for normality, kurtosis using standard testing procedures. Multivariate analysis was not possible as a result of the small sample of individual patient data. Fisher's exact test was used to assess the relationship between AVN and clinical and radiological outcome. False discovery rate was controlled for by using the Benjamini and Yekutieli method [4] such that the corrected overall critical p value was 0.003. Results below this level were regarded as statistically significant. Statistical analyses were undertaken using STATA Version 13.0 (Statacorp LP, College Station, TX, USA). Open reduction alone was also associated with the increased odds of a satisfactory radiological result (Severin I 
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Is the research method (study design) appropriate for answering the research question?
Are both the setting and the subjects representative with regard to the population to which the findings will be referred? Are the findings of the study transferable to other settings?
* Study corresponding to study number as follows: (1) 
Discussion
It is generally accepted that formal open reduction of the hip is the most appropriate intervention to treat DDH in children between the ages of 12 months and 6 years old with anterior open reduction being the preferred approach. In the literature anterior open reduction has been used in isolation in this age group but has also been combined with pelvic osteotomy [7, 14, 22, 28, 30, 32, 40, 44, 46] , proximal femoral osteotomy [28, 31, 38, 46] , or both in a single stage [3, 10, 11, 26, 31, 39] . It is unclear which surgical procedure or combination of procedures is least likely to result in clinically relevant AVN (K&M Types II-IV or equivalent) and most likely to provide satisfactory radiological and clinical results (Severin I or II or equivalent and McKay excellent or good rating or equivalent, respectively), while minimizing the requirement for further surgical intervention. The main limitation of the review was that the literature identified by our search strategy was comprised of retrospective studies of mixed quality with inherent bias. Of note the mean age of the anterior open reduction alone group was younger than the other groups, and this may have represented a bias in preference of surgical approach by the surgeon. It is accepted that an age range of 12 months to 6 years is broad and it would have been desirable to further stratify this group by age; however, the data did not allow this. It was not possible to ascertain AVN rates, clinical and radiological results, and need for further operative intervention for all 18 articles, and where available, heterogeneity was noted in the reporting of results. Data were often pooled in mixed groups, which was adequate to quote the overall outcome rates for all surgery involving an anterior open reduction [5, 26, 30, 32, 45] . However, for subgroup analysis by specific surgical prescription, additional data were excluded, and fewer studies still had individual patient data for further analysis [3, 28, 30, 31, 39, 40, 46] . The nature of the data precluded formal meta-analysis; nonetheless, statistical analysis was undertaken to put the findings in some context. Confidence in the review findings may also be compromised by publication bias, because the study selection criteria were likely to favor larger centers with greater amounts of experience with DDH in walking-age children. As such the results presented in this review are likely to represent the best possible scenario with the true risk of AVN and unsatisfactory radiological and clinical results potentially being worse.
It is also important to consider the multifactorial nature of AVN in this population. Other factors of potential importance, including failed conservative management, preoperative traction, and further procedures, were assessed and were not associated with outcome. However, the data set was small in size with the consequence of an increased likelihood of a Type II error. It is also accepted that the height/Tönnis grade of the dislocation, and postoperative immobilization protocols may affect results, but there was inadequate data on these variables in the articles used in this review. The technical aspects of the open reduction, including details on how the capsule and other soft tissue structures were dealt with, are also of importance, but the data were not of sufficient quality to evaluate this. Indeed, there are so many variables that could affect results that Morcuende et al [24] have argued that it is difficult to know the contribution of surgery alone to the risk of AVN. The inclusion criterion of minimum mean followup of 5 years may be regarded as inadequate to fully assess the true incidence of AVN, which may not manifest up until age 10 years [20] . This however was a pragmatic approach to the review, and duration of followup was not found to bias the risk of AVN.
Avascular necrosis of the hip is a potentially catastrophic treatment complication in DDH. It has been shown that the more profound the AVN, the worse the radiological and clinical results after intervention [7, 8, 44] Shortening femoral osteotomy is often included to reduce the likelihood of AVN developing, but there was no evidence in this review to support this practice. The perceived benefit of mitigating any increase of pressure on the femoral head may be outweighed by the added vascular insult of disrupting metaphyseal vessels, which can persist up to the age of 4 years [42] . However, femoral shortening may be increasingly necessary with age to decrease soft tissue tension and allow stable reduction.
The importance of the final radiological appearance of the hip has been demonstrated by Albinana et al. [1] who demonstrated that a Severin classification of III or IV at skeletal maturity was over twice as likely to require THA than a Severin I or II hip. Hence, the second aim of the review was to identify the surgical procedure or combination of procedures that was associated with the highest proportion of satisfactory radiological results (Severin I or II or equivalent hips). Open reduction alone resulted in the highest proportion of satisfactory radiological results (97% [three of 69 hips]) with open reduction and both pelvic and femoral osteotomy resulting in the lowest proportion of satisfactory radiological results (83% [304 of 366]). These findings are in keeping with the AVN results presented in the previous paragraph and echo the findings of a number of authors [7, 8, 44] . Indeed in this review, clinically relevant AVN was associated with a 34 times increased risk of a Severin Grade III or worse radiographic hip appearance.
From the patient and parent perspective, the clinical result of surgery is arguably more important than the radiological. Although the aim of surgery is to provide a stable pain-free hip that functions well, this is not always the result and the risk of a less than satisfactory outcome should be discussed with the patient or parent before surgery is undertaken. Thus, the third aim of this review was to ascertain which surgical prescription resulted in the highest proportion of satisfactory clinical results (McKay excellent or good rating or equivalent). Again anterior open reduction alone led to the best results with 100% of hips evaluated (58 of 58) having a satisfactory clinical outcome. This proved better than any other surgical prescription.
Although risk of AVN and clinical and radiological results are of utmost importance to walking-age children with DDH, it is imperative that the results of the surgery are durable. Hence, the final aim of the review was to assess the requirement for further procedures after index intervention. Over half the hips having open reduction required further nonsalvage surgical intervention. Indeed, hips undergoing open reduction alone were 10 times more likely to require further procedures than hips treated with open reduction and pelvic osteotomy and 15 times more likely than hips treated with both pelvic and femoral osteotomy. Because the inclusion criteria for mean followup duration was based on the timing of the index procedure, there may have not been adequate followup to assess the true extent of adverse sequelae from these further procedures. All measured endpoints are likely to be affected by this.
The surgical treatment of DDH in children of walking age with anterior open reduction is routinely undertaken, yet there continues to be a dearth of literature assessing how the addition of pelvic and/or femoral osteotomy affects the results. In this review, the existing literature has been evaluated in the hope that this question can be answered. From the available evidence it appears that the addition of a femoral osteotomy to the surgical plan, although potentially necessary to allow a stable reduction, may be at the detriment of increased risk of AVN (if combined with pelvic osteotomy) or further procedures (if used in isolation). Anterior open reduction alone on first appearance may seem to be the procedure of choice, but the need for further procedures is also unacceptably high. The findings of this review show that for a durable procedure with the lowest rate of AVN, and best clinical and radiological results, combining a pelvic osteotomy with anterior open reduction is the most appropriate option. This suggestion is subject to caveats and should be confirmed through well-designed prospective comparative studies.
